The 4S RNA contained in RNA tumor virus particles consists of a selected population of host tRNA's. However, the mechanism by which virions select host tRNA's has not been elucidated. We have considered a model which specifies that 35S genomic RNA determines which tRNA's are to be encapsidated as well as the relative amounts of these tRNA's within the virion. The model was tested by comparing the free 4S RNA composition of normal murine leukemia virus (MuLV) particles and noninfectious virions from actinomycin D (ActD)-treated cells, which are deficient in genomic RNA (ActD virions). Viral 4S RNA was analyzed by two-dimensional polyacrylamide gel electrophoresis. Surprisingly, the patterns obtained for control and ActD 4S RNA were identical to each other and were clearly distinct from the cell 4S RNA pattern. The viral patterns had three prominent areas of radioactivity. One of the spots was identified on the basis of its oligonucleotide fingerprint as tRNAPrO, the primer for MuLV RNAdirected DNA synthesis. These results were obtained with two different MuLV strains, AKR and Moloney, each grown in SC-1 cells. The demonstration that ActD virions contain primer tRNA and in general exhibit the characteristic MuLV tRNA pattern rather than the complete representation of cell 4S RNA leads to the conclusion that genomic RNA is not the major determinant in selective packaging of host tRNA's. A possible role for one or more viral proteins, including reverse transcriptase, is suggested.
The 4S RNA contained in RNA tumor virus particles consists of a selected population of host tRNA's. However, the mechanism by which virions select host tRNA's has not been elucidated. We have considered a model which specifies that 35S genomic RNA determines which tRNA's are to be encapsidated as well as the relative amounts of these tRNA's within the virion. The model was tested by comparing the free 4S RNA composition of normal murine leukemia virus (MuLV) particles and noninfectious virions from actinomycin D (ActD)-treated cells, which are deficient in genomic RNA (ActD virions). Viral 4S RNA was analyzed by two-dimensional polyacrylamide gel electrophoresis. Surprisingly, the patterns obtained for control and ActD 4S RNA were identical to each other and were clearly distinct from the cell 4S RNA pattern. The viral patterns had three prominent areas of radioactivity. One of the spots was identified on the basis of its oligonucleotide fingerprint as tRNAPrO, the primer for MuLV RNAdirected DNA synthesis. These results were obtained with two different MuLV strains, AKR and Moloney, each grown in SC-1 cells. The demonstration that ActD virions contain primer tRNA and in general exhibit the characteristic MuLV tRNA pattern rather than the complete representation of cell 4S RNA leads to the conclusion that genomic RNA is not the major determinant in selective packaging of host tRNA's. A possible role for one or more viral proteins, including reverse transcriptase, is suggested.
RNA tumor viruses contain significant amounts of 4S RNA (5, 7, 18) . This 4S RNA exhibits amino acid acceptor activity (7, 9, 16, 22, 51, 53, 54 ) and consists of approximately 15 different tRNA species (40, 44) . Interestingly, all of the virion-associated tRNA's are derived from the host (1, 5, 7, 18, 57) . However, evidence from many laboratories indicates that the viral 4S RNA population does not reflect the distribution of tRNA's in the cell but instead represents a selected class of host tRNA molecules (5, 9, 16, 22, 40, 41, 51, 53, 54) . Although these observations were initially reported about 10 RNA complex because dissociation of this 4S RNA occurs only under denaturing conditions which disrupt hydrogen bonds (8, 11, 17, 19, 54) . A broad melting profile is obtained during thermal denaturation of 70S-associated 4S RNA, and it has been suggested that this is due to differences in the extent of binding between individual tRNA's and 35S genomic RNA in the 70S RNA complex (19) . A prominent tRNA species which is the most tightly bound to 35S RNA (8, 11, 40, 49, 54) and which is also a major constituent of free 4S RNA (40, 44, 49, 54) serves as the primer for RNA-directed DNA synthesis by the reverse transcriptase enzyme (8, 11, 20, 49, 52) . The interaction between primer tRNA and 35S RNA is highly specific and involves hybridization of 16 nucleotide base pairs (10, 14) at a site close to the 5' end of 35S RNA (7a, 48, 50) . In the case of the avian viruses, the primer tRNA SELECTION BY MuLV LACKING 35S RNA 329 possibility that 35S genomic RNA is a major determinant in the selective encapsidation of cell tRNA's. The availability of the actinomycin D (ActD) system, which has previously been used for studying virion assembly in the absence of genomic RNA (23, 30, 32, 33) , provides a unique opportunity for evaluating this model. In this system, after several hours of treatment with ActD, murine leukemia virus (MuLV)-infected cells produce noninfectious particles (ActD virions) (32, 39) which lack genomic RNA and contain predominantly 4S RNA (32) . Despite this deficiency in genomic RNA, ActD virions contain the normal complement of MuLV structural proteins (30, 33) , and a reverse transcriptase which is functionally indistinguishable from the standard MuLV enzyme (23). In addition, these defective particles are identical to normal virions with respect to morphology (32) and sedimentation behavior in sucrose gradients (32) .
In Isolation and analysis of viral RNA. RNA was extracted from purified virions as previously described (32) . The low-molecular-weight RNAs were fractionated by the 2-D polyacrylamide gel electrophoresis procedure of Ikemura and Dahlberg (29) with a few modifications. Briefly, viral RNA was applied to a 1.5-mm-thick 10% polyacrylamide slab gel (10 by 35 cm) and was subjected to electrophoresis overnight at 4°C at a constant current of 6.5 mA. The run was terminated when the bromophenol blue dye marker reached 25 cm. The 4S RNA band was located by autoradiography, and a strip (2 by 6 cm) was cut out from the 10% gel and laid across the top of an already polymerized 20% polyacrylamide slab gel (13 by 18 cm). A 10% acrylamide gel mixture was then allowed to polymerize around the 10% gel strip. Electrophoresis in the second dimension was carried out at room temperature at a constant current of 6 mA overnight and 12 mA on the next day. Buffer was circulated through the upper and lower chambers of the apparatus. The run was terminated when the bromophenol blue had migrated 30 to 35 cm. The gel was then subjected to autoradiography. The 2-D gel patterns obtained by this procedure were very reproducible. Presumably, differences in experimental conditions account for the somewhat different pattern described by Peters et al. (40) .
Oligonucleotide fingerprint analysis. The tRNA species to be analyzed were cut out and eluted from the 20% polyacrylamide gel in the presence of 50 jg of carrier Escherichia coli tRNA and were then concentrated on a small DEAE-cellulose column (46 29, 1979 330 LEVIN AND SEIDMAN contaminating host cell 4S RNA. Several approaches were employed in an effort to minimize these effects, but the simplest was to lower the dose of ActD. Control experiments without label indicated that for a 4-to 6-h harvest, varying the ActD concentration 10-fold, from 0.1 to 1 yg/ml, gave only a small variation in the inhibition of viral infectivity (93 to 97%); however, when viewed by phase-contrast microscopy, cells treated with 0.1 yig of the drug per ml appeared undamaged and were essentially indistinguishable from untreated controls. Thus, the inhibitory effect of ActD was preserved under conditions of minimal toxicity to cells.
In addition, the previous observation that ActD virions are deficient in 70S RNA (32) was confirmed when 0.1 tig of ActD per ml was used (Fig. 1 ). Viral RNA was analyzed in composite 1.8% polyacrylamide-0.5% agarose gels under conditions which resolve 70S and 4S RNA (32) . For comparison, similar amounts of 32P-labeled RNA from control and ActD virions were used. As may be seen from Fig. 1 , a large peak of 70S RNA and a much smaller peak of 4S RNA were observed in the control. In contrast, the ActD sample contained predominantly 4S RNA and a small peak of radioactivity which comigrated with 70S RNA in the 3H-viral RNA marker.
This material presumably corresponds to 70S RNA in infectious particles, which are always present in small amounts in ActD virion preparations (32, 33) . The ratio of 70S to 4S RNA in the two virus preparations was calculated from the total amounts of radioactivity in each of the major peaks and was found to be 3.2 for the control and 0.39 for the ActD sample. Thus, the 70S/4S RNA ratio of the control was eightfold greater than that of the ActD sample, in accord with the lowered infectivity of the ActD virion preparation.
Because control and ActD virions differ in their RNA composition, it was of interest to determine whether they also differ in the total amount of particle-associated RNA. By using virion-associated reverse transcriptase activity (23) as a measure of total virus particles (33) and then comparing total RNA with total enzyme activity for each preparation, it can be seen from Table 1 that ActD and normal virions contain roughly the same amounts of RNA per virion. Moreover, the data of Fig. 1 as well as earlier observations (32) suggest that the 70S RNA deficiency in the defective particles is at least partially compensated by a 1. Polyacrylamide gel electrophoresis of 32P-labeled RNA from control and ActD virions. 32P-labeled viral RNA was subjected to co-electrophoresis with 3H-labeled marker RNA from control virions in 1.8% polyacrylamide-0.5% agarose gels, as described previously (32) . The arrows denote the positions to which 3H-labeled 70S and 4S RNA migrated. A parallel gel with 32P-labeled cell RNA was also run. 28S and 18S RNA peaks were at gel slice numbers 23 and 29, respectively. cubated in either the presence or absence of 0.1 ,ug of ActD per ml. All four RNA samples were subjected to electrophoresis in a 10% polyacrylamide slab gel, which resolves low-molecularweight RNAs. As shown in Fig. 2 , most of the radioactivity in the uninfected samples (a and b) remained at the origin, with only a small portion migrating to the 4S region of the gel. In contrast, a relatively large proportion of the radioactivity present in the infected samples ( Fig. 2c and d) was 4S RNA. These observations were verified by cutting out and counting the origin and 4S regions of the gel. The results showed that despite differences in the amount of radioactivity at the origin, ActD treatment had essentially no effect on the respective amounts of 4S RNA in fluids from uninfected and infected cells. Furthermore, the infected samples contained approximately 30-fold more 4S RNA than the uninfected samples (5,800 versus 200 cpm). These data demonstrate that under the conditions used, virtually all of the 4S RNA in preparations of control and ActD virions is contained within virus particles; only insignificant amounts of contaminating cell 4S RNA are present. Similar results were obtained by Bishop et al. (5) in experiments comparing the 4S RNA content of fluids from Rous sarcoma virus-infected and uninfected chicken cells. It should be pointed out that in addition to providing information on 4S RNA, Fig. 2 shows that ActD virions contain other small RNAs (6, 15, 19) which also occur in normal virus particles (compare c and d, in area between origin and 4S region of the gel).
2-D polyacrylamide gel analysis of viral RNA. A more detailed analysis of viral 4S RNA was obtained by fractionation in a 2-D gel system (Fig. 3) . For comparison, each set of control and ActD samples was run as a pair in the same 10 and 20% gels. Fig. 3a and b illustrates the patterns observed for AKR virus control and ActD 4S RNA, respectively. As may be seen, these patterns were essentially identical to each other while clearly different from the cell pattern (see below, Fig. 3e ). In both virus patterns there were three prominent radioactive spots which are designated by the numbers 1, 2, and 3 in the schematic diagram in Fig. 3f . Occasionally spot 1 was smaller than shown here and another spot was resolved, immediately to its left. Other radioactive areas consistently appeared in the autoradiograms, although it is not known whether these correspond to individual tRNA species. Fingerprint analysis of spots 1 and 2 is discussed below.
Inspection of the autoradiograms at different exposure times indicated that the relative intensities of corresponding radioactive spots were similar for the control and ActD samples. Individual areas of the 20% gel were also cut out and counted, and the results supported the visual observations. Some variation was observed from one experiment to another but on the average, differences in the relative amounts of radioactivity in corresponding spots of control and ActD VOL. 29, 1979 on 4S RNA were not greater than a factor of two. Thus, the data indicate that control and ActD virions contain the same population of tRNA's and in similar proportions. This suggests that the tRNA composition of MuLV particles is not determined by the viral RNA genome.
To further verify this conclusion, a different strain of MuLV, Moloney virus, was grown in the SC-1 cell line (26) used to propagate AKR virus. Comparison of Fig. 3c and d with Fig. 3a and b shows that the Moloney pattern was indistinguishable from the AKR pattern. Furthermore, as expected from the AKR results, patterns for Moloney control and ActD 4S RNA were identical. Fig. 3e presents the 2-D gel pattern of 4S RNA from AKR-infected cells. As may be seen, the cell pattern was more complex than the viral pattern. This observation confins earlier findings of Peters et al. (40) and lends further support to the notion that viral tRNA's represent a subset of cell 4S RNA species rather than a collection of the entire cell tRNA population (5,  9, 16, 22, 40, 41, 51, 53, 54) .
Fingerprint analysis. Two of the spots seen in the viral 2-D gel pattern of Fig. 3 were analyzed further by oligonucleotide fingerprinting techniques (43) . Spot 1 appeared to be the same as spot 5 of Peters et al. (40) . However, it was spot 2 that turned out to be of greatest interest. Fig. 4a illustrates the oligonucleotide fingerprint of AKR ActD spot 2 RNA; a schematic diagram using the numbering system of Peters et al. (40) is presented in Fig. 4b . This fingerprint corresponds very closely to the published fingerprint for Moloney MuLV tRNA"'° (40) . All of the expected oligonucleotides (40) were present. An additional spot, number 15, is probably related to spot 7. As also observed by Peters et al. (40) , a low level of contaminating oligonucleotides was detected. Not surprisingly, identical fingerprints were obtained for spot 2 RNA isolated from AKR control and Moloney ActD virions (data not shown).
DISCUSSION
The present study was designed to test a model which suggests that 35S genomic RNA is a major determinant in the selective encapsidation of host tRNA's into RNA tumor virus particles. Our approach was to examine the composition of free 4S RNA in normal and ActD virions. Although ActD virions have the same amount of RNA per virion as normal particles (Table 1) , they lack genomic RNA and contain predominantly 4S RNA (32; Fig. 1 ). The model predicts that under these conditions, such virions would contain a typical representation of cell 4S RNA instead of the more selected population characteristic of normal particles.
Analysis of viral 4S RNA by 2-D polyacrylamide gel electrophoresis (29) gave rather unexpected results. As illustrated in Fig. 3 , the patterns for control and ActD 4S RNA were identical, and in both cases these patterns were simpler than the pattern for cell 4S RNA. In addition, the relative intensities of corresponding spots in control and ActD samples were similar (i.e., within a factor of two or three), suggesting that the tRNA's are present in similar proportions in total control and ActD viral 4S RNA. These observations were made with two different strains of MuLV, AKR and Moloney, each grown in SC-1 (26) The numbering system for the oligonucleotide spots is the same as that used by Peters et al. (40) . The position of the xylene cyanol dye is shown in the diagram.
Thus, ActD virions contain a selected population of host tRNA's which appears to be the same as that observed for normal virus particles. The data presented in Fig. 3 therefore lead to the general conclusion that genomic RNA is not required for the selective packaging of cell tRNA's.
In view of the highly specific binding of primer tRNA to genomic RNA (7a, 10, 14, 48, 50) and the fact that the primer is bound to 35S RNA more tightly than any other viral tRNA (8, 11, 40, 49, 54) , it was of particular interest to find that the tRNA"'r primer (40) is present in ActD virions (Fig. 4) . Under our labeling conditions, we estimate that normal virions contain approximately three copies of free tRNAP" per 35S RNA subunit, in general agreement with the value of three to four copies calculated by Peters et al. (40) . Thus, because virions are thought to contain one copy (3, 7, 19, 44) of the 70S RNA complex consisting of two 35S RNA subunits (3, 4, 31, 34) , there should be a total of six to eight copies of free tRNANO per virion of nonnal MuLV. Moreover, based on the similar intensity of tRNAP"' spots (spot 2) in 20% gels of control and ActD 4S RNA (Fig. 3) , we would expect the presence of a comparable number of tRNAP" copies in ActD virions.
In the past, two possibilities were suggested to account for differences between host and viral 4S RNA. In 1971, Randerath et al. (41) proposed that possible differences between membrane-associated tRNA and tRNA in the cytosol would allow virions to acquire a select class of host tRNA's during budding from the host plasma membrane. Subsequently, a study showing different amino acid acceptor patterns for a few avian sarcoma and leukosis viruses grown in the same cells led to the proposal that the viral RNA genome determines which tRNA's are to be encapsidated (53) . The first hypothesis is difficult to evaluate because no data are available on the tRNA composition of cell membranes, and the second is not consistent with our present findings. A third possibility which has not been considered previously is that one or more viral proteins are required for the selection of host tRNA's.
Because the genome itself does not appear to be a major determinant in the selection process, the requirement for a particular viral gene product(s) would provide a rationale for the rather significant differences in the tRNA composition of viruses from different species (40, 55) . The involvement of viral proteins in the selection process would also be consistent with our previous conclusion that virus assembly depends upon protein interactions (23) and is not directed by the viral RNA genome (23, 33) . In this context, ActD virions can be regarded like normal particles, because they contain all of the MuLV structural proteins (30, 33) 
